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A phase of strong interacting matter with deconfined quarks is expected in the core of massive
neutron stars. In this article, we perform a study of the hadron-quark phase transition in cold
(T = 0) neutron star matter and we calculate various structural properties of hybrid stars. For the
quark phase, we make use of an equation of state (EOS) derived with the field correlator method
(FCM) recently extended to the case of nonzero baryon density. For the hadronic phase, we consider
both pure nucleonic and hyperonic matter, and we derive the corresponding EOS within a relativistic
mean field approach. We make use of measured neutron star masses, and particularly the mass
M = 1.97± 0.04M of PSR J1614-2230 to constrain the values of the gluon condensate G2, which
is one of the EOS parameters within the FCM. We find that the values of G2 extracted from the mass
measurement of PSR J1614-2230 are consistent with the values of the same quantity derived within
the FCM from recent lattice QCD calculations of the deconfinement transition temperature at zero
baryon chemical potential. The FCM thus provides a powerful tool to link numerical calculations
of QCD on a space-time lattice with measured neutron star masses.
PACS numbers: 97.60.Jd, 21.65.+f, 12.38.Aw, 12.38.Mh
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I. INTRODUCTION
Neutron stars contain in their interiors one of the dens-
est form of matter in the Universe. In fact, neutron star
structure calculations [1–4] based on a large variety of
modern equations of state of dense hadronic matter pre-
dict a maximum stellar central density (the one for the
maximum mass star configuration) in the range of 4 – 8
times the saturation density (∼ 2.8× 1014 g/cm3) of nu-
clear matter. Thus these stars can be viewed as natural
laboratories to explore the low-temperature T and high
baryon chemical potential region of the phase diagram of
quantum chromodynamics (QCD) [5–8]. In this regime
nonperturbative aspects of QCD are expected to play a
crucial role, and a transition to a phase with deconfined
quarks and gluons is expected to occur and to influence
a number of interesting astrophysical phenomena [9–16].
Recent high-precision numerical calculations of QCD
on a space-time lattice at zero baryon chemical potential
µb (zero baryon density) have shown that at high tem-
perature and for physical values of the quark masses, the
transition to quark gluon plasma is a crossover [17–19]
rather than a real phase transition.
Unfortunately, present lattice QCD calculations at fi-
nite baryon chemical potential are plagued with the no-
torious “sign problem”, which makes them unrealizable
by all presently known lattice methods (see e.g. [20] and
references therein). Thus, to explore the QCD phase dia-
gram at low-temperature T and high µb, it is necessary to
invoke some approximations in QCD or to apply a QCD
effective model.
Along these lines, for example, a model of the equation
of state (EOS) of quark matter [21] inspired by the MIT
bag model of hadrons [22] has been intensively used by
many authors to calculate the structure of strange stars
[23–27], or the structure of the so-called hybrid stars, i.e.
neutron stars with a quark matter core. In this model
quark matter is treated as a free relativistic Fermi gas of
u, d and s quarks, which reside in a region characterized
by a constant energy density B, with at most pertur-
bative corrections up to the second order in the QCD
structure constant αs [28–30]. The parameter B takes
into account, in a crude phenomenological manner, non-
perturbative aspects of QCD and it is related to the bag
constant which in the MIT bag model [22] gives the con-
finement of quarks within hadrons. The bag model EOS
is expected to be reasonable at asymptotically large den-
sity, but it crumbles in the density region where quarks
clusterize to form hadrons, i.e. in the region where the
deconfinement phase transition takes place.
Another very used quark model is the Nambu–Jona-
Lasinio (NJL) model [31] (for a thorough review see [32]).
This model has proved to be very successful in the de-
scription of the spontaneous breakdown of chiral symme-
try exhibited by true QCD vacuum. It explains very well
the spectrum of the low-lying mesons as well as many
other low-energy phenomena of strong interaction [33–
35]. The NJL is not a confining model and it is based
on an effective chiral Lagrangian that captures some of
symmetries of QCD. In the NJL approach quarks interact
each other through a nonrenormalizable pointlike Fermi
interaction. The entire system is gluon free so it cannot
be used in the limit of low density and high temperature.
In the case of the MIT bag model a large window of
the parameters allows for the existence of stable strange
stars or hybrid stars. In the case of the NJL model the
existence of stable hybrid stars is very unlikely [36] or is
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2possible only for a restricted range of the model param-
eters [37–40].
As we have commented, the MIT bag model and the
NJL model (as other QCD effective models) cannot make
predictions in the high-T and zero baryon chemical po-
tential region, and thus cannot be tested using present
lattice QCD calculations.
Recently the deconfinement phase transition has been
described using an EOS of quark gluon plasma derived
within the field correlator method (FCM) [41, 42] ex-
tended to finite baryon chemical potential [43–46]. The
field correlator method is a nonperturbative approach to
QCD which includes from first principles the dynamics
of confinement in terms of color electric and color mag-
netic correlators. The model is parametrized in terms
of the gluon condensate G2 and the large-distance static
quark-antiquark (QQ¯) potential V1. These two quanti-
ties control the EOS of the deconfined phase at fixed
quark masses and temperature. The main constructive
characteristic of the FCM is the possibility to describe
the whole QCD phase diagram as it can span from high
temperature and low baryon chemical potential, to low
T and high µb limit.
A very interesting feature of the FCM is that the value
of the gluon condensate can be obtained from lattice
QCD calculations [47, 48] of the deconfinement transi-
tion temperature Tc, at zero baryon chemical potential.
Thus we have an efficacious tool to directly link lattice
simulations and neutron star physics.
To explore this link is one of the main purposes of
the present work. In particular, we will investigate the
possibility for the occurrence of the quark deconfinement
transition in neutron stars and the possibility to have
stable hybrid star configurations using the field correla-
tor method for the quark phase EOS and a relativistic
mean field model [49, 50] for the EOS of the hadronic
phase. A similar study has been performed in Ref. [51],
where a microscopic EOS derived with the Brueckner-
Hartree-Fock approximation [52–54] has been employed
to describe the hadronic phase, whereas, for the quark
phase, the FCM has been used as in the present work.
The properties of absolutely stable [23] strange quark
matter and strange stars have been recently investigated
within the FCM by the author of Ref. [55].
This work is organized as follows: In Sec. II we briefly
review the FCM at finite temperature and density; in
Secs. III and IV we discuss respectively the hadronic EOS
and the formalism of phase transition to quark matter in
β-stable hadronic matter; our main results are presented
in Sec. V; the link between lattice QCD calculations and
measured neutron star masses is discussed in Sec. VI; fi-
nally the conclusions of this work are outlined in Sec. VII.
II. EOS OF THE QUARK PHASE
The quark matter equation of state we used in the
present work is based on the FCM [41] (see [42]for a de-
tailed review). Recently this method has been extended
to the case of nonzero baryon density [43–46] making pos-
sible its application to neutron star matter.
The principal advantage of the FCM is a natural expla-
nation and treatment of the dynamics of confinement in
terms of color electric DE(x), DE1 (x) and color magnetic
DH(x), DH1 (x) Gaussian correlators.
The correlators DE(x), DE1 (x) and D
H(x), DH1 (x) are
related to the nontrivial two-point correlation function
for the color electric and color magnetic fields [42].
DE contributes to the standard string tension σE
through [43]
σE =
1
2
∫
DE(x) d2x. (1)
The string tension σE vanishes as DE goes to zero at
T ≥ Tc and this leads to deconfinement. The correla-
tors have been calculated on the lattice [56–58] and also
analytically [59].
In the lowest nonperturbative approximation one can
hold only single quark and gluon interactions with the
vacuum. This is the so-called called single line approxi-
mation [43]. Using this approximation the quark pressure
Pq for a single flavor, reads [43, 45, 46]
Pq/T
4 =
1
pi2
[φν(
µq − V1/2
T
) + φν(−µq + V1/2
T
)] (2)
where
φν(a) =
∫ ∞
0
du
u4√
u2 + ν2
1
exp [
√
u2 + ν2 − a] + 1 , (3)
ν = mq/T and V1 is the large-distance static QQ¯ poten-
tial:
V1 =
∫ 1/T
0
dτ(1− τT )
∫ ∞
0
dχχDE1 (
√
χ2 + τ2) . (4)
The nonperturbative contribution to DE1 (x) is
parametrized as [42]
DE1 (x) = D
E
1 (0) exp(−|x|/λ) (5)
where λ is the vacuum correlation length. Following
Ref. [43], we use the value λ = 0.34 fm which has been
determined in lattice QCD calculations [57].
In this formalism V1 in Eq.(4) is independent on the
chemical potential (and so on the density). This feature is
partially supported by lattice simulations at small chem-
ical potential [43, 60]. In the present work, the value of
V1 at T = 0 has been considered as a model parameter
[51, 55].
The gluon contribution to the pressure is [46]
Pg/T
4 =
8
3pi2
∫ ∞
0
dχχ3
1
exp (χ+ 9V18T )− 1
. (6)
3In summary the total pressure of the quark phase is
given by
Pqg = Pg +
∑
u,d,s
Pq − 9
64
G2 . (7)
The last term in Eq.(7) represents the vacuum energy
difference between the quark and hadronic phases, in the
case of three-flavor (u, d, s) quark matter [43], and G2 is
the gluon condensate. The latter quantity has been de-
termined using QCD sum rules [61] to be in the range
G2 = (0.012 ± 0.006) GeV4. In the present work, fol-
lowing [43–46], we assume that the gluon condensate is
independent on the baryon chemical potential, and we
consider the value of G2 as a model parameter.
Notice that the quark pressure given in Eqs. (2)–(5) is
the one of a relativistic ideal Fermi gas, which in the case
of T = 0 can be written as
Pq =
1
4pi2
{
k3F,q
√
k2F,q +m
2
q −
3
2
m2q
[
kF,q
√
k2F,q +m
2
q
− m2q ln
(
kF,q +
√
k2F,q +m
2
q
mq
)]}
, (8)
where the Fermi momentum kF,q is related to the chem-
ical potential µq of quarks with flavor q by
µq =
√
k2F,q +m
2
q +
V1
2
. (9)
The energy density εq at T = 0 can be obtained using
Eq.(8) and the thermodynamical relation
εq = −Pq + µq nq , (10)
where nq =
1
pi2 k
3
F,q is the number density for quarks with
flavor q.
One thus obtains the energy density of a relativistic ideal
Fermi gas plus an extra term
ε′q =
V1
2
k3F,q
pi2
(11)
which originates from the large-distance static QQ¯ po-
tential V1 ≡ V1(T = 0).
In our calculations we used the following values of the
current-quark masses: mu = md = 5 MeV and ms =
150 MeV.
In summary, the EOS for the quark gluon phase has
two parameters: G2 and V1 ≡ V1(T = 0).
In the present work we have not considered the pos-
sibility of color superconductivity (see e.g. [5] and ref-
erences therein). As discussed in [44, 62] the low-
temperature deconfinement transition produces a strong
nonperturbative attraction in colorless channels that re-
sults in a dominance of the QQ¯ correlations over the di-
quark QQ ones. Thus within the FCM, QQ pairing and
possible phases of color superconducting quark matter
are hardly possible [44, 62].
III. EOS OF THE HADRONIC PHASE
We adopt a nonlinear relativistic mean field model
[49, 50] for the EOS of hadronic matter and we make
use of the parametrization GM1 given by Glendenning
and Moszkowski [63, 64]. The Lagrangian density includ-
ing the baryonic octet, in terms of scalar σ, the vector-
isoscalar ωµ, and the vector-isovector ~ρµ meson fields,
reads
L = Lhadrons +Lleptons , (12)
where the hadronic contribution is
Lhadrons = Lbaryons +Lmesons , (13)
with
Lbaryons =
∑
baryons
Ψ¯B [γ
µDµ −M∗B ]ΨB , (14)
where
Dµ = i∂µ − gωBωµ − gρB~tB · ~ρµ , (15)
and M∗B = MB − gσBσ. The quantity ~tB designates the
isospin of baryon B. The mesonic contribution reads
Lmesons = Lσ +Lρ +Lω , (16)
with
Lσ =
1
2
(∂µσ∂
µσ −m2σ) +
1
3!
κσ3 +
1
4!
λσ4 , (17)
Lω = −1
4
ΩµνΩ
µν +
1
2
m2ωωµω
µ , (18)
Ωµν = ∂µων − ∂νωµ , (19)
Lρ = −1
4
~Bµν ~B
µν +
1
2
m2ρ~ρµ · ~ρµ , (20)
~Bµν = ∂µ~ρν − ∂ν~ρµ − gρ(~ρµ × ~ρν) . (21)
For the lepton contribution we take
Lleptons =
∑
leptons
Ψ¯l[γ
µ∂µ −m∗l ]Ψl , (22)
where the sum is over electrons and muons.
We have used the parametrization of the nonlinear
relativistic mean field model due to Glendenning and
Moszkowski [63, 64]. The nucleon coupling constants are
4fitted to the bulk properties of nuclear matter. In par-
ticular, for the GM1 parametrization [63, 64] the incom-
pressibility of symmetric nuclear matter and the nucleon
effective mass at the empirical saturation density are re-
spectively K = 300 MeV and M∗ = 0.7M (being M the
bare nucleon mass). The inclusion of hyperons involves
new couplings, which can be written in terms of the nu-
cleonic ones: gσY = xσgσ, gωY = xωgω and gρY = xρgρ.
In this model it is assumed that all the hyperons in the
baryon octet have the same coupling. In this work we
will consider xσ in the range of 0.6 – 0.8. In addition,
following Ref. [63], we will take xρ = xσ, whereas the
binding energy of the Λ particle in symmetric nuclear
matter, BΛ,(
BΛ
A
)
= −28 MeV = xω gω ω0 − xσ gσσ (23)
is used to determine xω in terms of xσ. Notice that the
case with xσ = 0.6 produces stars with a larger hyperon
population (for a given stellar gravitational mass) with
respect to the case xσ = 0.8 [64, 65]. In addition to
these two parametrizations for hyperonic matter (here-
after called NY matter), we will consider the case of
pure nucleonic matter (hereafter called N matter).
IV. PHASE TRANSITION IN BETA-STABLE
NEUTRON STAR MATTER
The composition of neutron star matter is determined
by the requirements of electric charge neutrality and
equilibrium under the weak interaction processes (β-
stable matter). Under such conditions, in the case of
neutrino-free matter, the chemical potential µi of each
particle species i can be written in terms of two inde-
pendent quantities, the baryonic and electric chemical
potentials µb and µq respectively [7],
µi = biµb − qiµq , (24)
where bi is the baryon number of the species i, and qi
denotes its charge in units of the electron charge magni-
tude.
In the pure hadronic phase, µb = µn is the neutron
chemical potential, and µq = µe is the electron chemical
potential. In the pure quark phase the quark chemical
potentials µf (f=u, d, s) are related to µb and µq by the
formulas µu = (µb − 2µq)/3 and µd = µs = (µb + µq)/3.
We next assume a first-order hadron-quark phase tran-
sition [66] and, following Glendenning [67], we require
global electric charge neutrality of bulk β-stable stellar
matter. An important consequence of imposing global
charge neutrality is that the hadronic and the quark
phases can coexist for a finite range of pressures. This
treatment of the phase transition is known in the litera-
ture as the Gibbs construction for the mixed phase. In
this case the Gibbs conditions for phase equilibrium can
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FIG. 1: Baryon chemical potential µb versus pressure P in
cold (T = 0) β-stable matter. Curves for the quark phase
are relative to three different values of the gluon condensate
G2 reported in GeV
4, and V1 = 0.01 GeV. Curves for the
hadronic phase are relative to hyperonic matter (NY) with
xσ = 0.7 and to pure nucleonic matter (N).
be written as
µb,H = µb,Q ≡ µb (25)
µq,H = µq,Q ≡ µq (26)
TH = TQ ≡ T (27)
PH(µb, µq, T ) = PQ(µb, µq, T ) (28)
With the purpose to compare with previous studies
[51], we also make use of the so-called Maxwell construc-
tion for the phase transition. In this case, one imposes
that each phase in equilibrium is separately charge neu-
tral. Now the conditions for phase equilibrium can be
written as
µb,H = µb,Q ≡ µb (29)
TH = TQ ≡ T (30)
PH(µb, µq(µb), T ) = PQ(µb, µ
′
q(µb), T ) . (31)
In this case the electric chemical potential µq = µe has a
discontinuity [67] at the interface between the two phases
[77].
In the following we consider the case of cold (i.e. T =
0) matter, which is appropriate to describe neutron stars
interiors at times larger than about a few minutes after
their formation [7].
In Fig. 1 we plot the relation between the baryon chem-
ical potential µb and the total (i.e. baryonic plus leptonic
contributions) pressure P , in β-stable matter, for the
hadron and the quark phases in the case of the Maxwell
construction. For the hadronic phase we consider hyper-
onic matter (NY) with xσ = 0.7 (continuous line) and
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FIG. 2: Baryon chemical potential µb versus pressure P in
cold (T = 0) β-stable matter. Curves for the quark phase are
relative to three different values of the large-distance static
QQ¯ potential V1 reported in GeV, and for G2 = 0.006 GeV
4.
The curve for the hadronic phase is relative to hyperonic mat-
ter (NY) with xσ = 0.6.
pure nucleonic matter (N) (dashed line). For the quark
phase we use three different values of the gluon conden-
sate G2 = 0.006, 0.012, 0.016 GeV
4 and a common value
V1 = 0.01 GeV for the large-distance static QQ¯ poten-
tial. The phase transition occurs at the intersection point
between the curves describing the two different phases.
This crossing point is significantly affected by the value of
the gluon condensate, in particular when G2 increases the
onset of the deconfinement transition is shifted to higher
pressure (higher baryon chemical potential). It is worth-
while to note also that the presence of hyperons in the
hadronic phase moves the phase transition point to larger
pressures. Similar results have been found using different
values for the hyperon-nucleon couplings (xσ = 0.6, 0.8)
for the hadronic EOS.
Keeping a fixed value of the gluon condensate, G2 =
0.006 GeV4, we show in Fig. 2 the effects of V1 on the
phase transition point. As one can see, only slight differ-
ences exist between the cases V1 = 0 and V1 = 0.01 GeV
while for V1 = 0.1 GeV the transition point is shifted to a
very high value of the pressure. This should be expected
just looking at Eqs. 8 and 9, where it turns out clearly
that pressure is a decreasing function of V1.
In Figs. 3 and 4, we show the pressure for β-stable
matter as a function of the baryon number density ρ in
the case of pure nucleonic matter (Fig. 3) and hyperonic
matter with xσ = 0.6 (Fig. 4) for the hadronic phase.
For the quark phase we consider different values of the
gluon condensate G2. Results on the left (right) panels of
these two figures refer to the Gibbs (Maxwell) construc-
tion for the phase transition. As expected, the Maxwell
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FIG. 3: Total pressure P of cold β-stable matter as a function
of the baryon number density ρ, for different values of the
gluon condensate G2 (reported in GeV
4 units) and for V1 =
0.01 GeV in the case of the Gibbs (left panel) and Maxwell
construction (right panel) for the phase transition. Results
are relative to pure nucleonic matter (N) for the hadronic
phase.
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FIG. 4: Same as the previous figure, but with hyperonic mat-
ter (NY) with xσ = 0.6 for the hadronic phase.
construction corresponds to a constant pressure in the
baryon number density range of the coexistence region,
whereas in the Gibbs construction the pressure increases
monotonically with ρ [64, 67, 70]. Increasing the value of
G2 causes a shift of the phase transition to larger baryon
densities for both the Gibbs and Maxwell constructions.
6V. NEUTRON STAR STRUCTURE
In this section we show the results of our calculations of
hybrid stars structure. To this purpose we integrate the
well-known Tolman, Oppenheimer and Volkov relativistic
hydrostatic equilibrium equations (see e.g. [64, 71]) to
get various stellar properties for a fixed EOS.
We report the results of a systematic study in which we
vary the value of the gluon condensate G2 between the
constraints imposed by QCD sum rules [61]. To model
the neutron star crust we have used the EOS of Ref. [72].
Unless otherwise specified, all the results presented in
the following have been obtained using the Gibbs con-
struction to model the hadron-quark phase transition and
taking V1 = 0.01 GeV.
Let us first consider the case in which the hadronic
phase does not contain hyperons, i.e. the case of
pure nucleonic matter (N). In Fig. 5 we report the
stellar gravitational mass M (in unit of the solar
mass M = 1.99 × 1033g) versus the central baryon
number density ρc (left panel) and the mass versus
radius R (right panel) in the case of pure nucleonic
stars (continuous line) and of hybrid stars for different
G2. We obtain stable hybrid star configurations for
all the considered values of the gluon condensate,
with maximum masses ranging from Mmax = 1.44M
(case with G2 = 0.006 GeV
4) to Mmax = 2.05M
(G2 = 0.0016 GeV
4). Notice that the hybrid star branch
of the stellar equilibrium configurations shrinks as G2
is increased. This is in full agreement with the results
for the EOS reported in the left panel of Fig. 3. This
behavior is different with respect to the one found by the
authors of Ref. [51] where the stability window of hybrid
star configurations for a nucleonic equation of state
was restricted between 0.006 GeV4 < G2 < 0.007 GeV
4,
while no hadron-quark phase transition occurred once
hyperons were included in the EOS.
In Fig. 6 we plot the quark-hadron phase transition
boundaries in β-stable matter as a function of G2 in the
case in which the hadronic phase does not contain hy-
perons (pure nucleonic matter). The onset of the decon-
finement transition (i.e. the onset of the quark-hadron
mixed phase) occurs at the baryon number density ρ1,
and the pure quark phase begins at ρ2. Also shown is
the central baryon number density ρHybc of the maximum
mass hybrid star (dotted-dashed line). Stable hybrid star
configurations have central densities ρc located in the re-
gion of the ρ–G2 plane between the dotted-dashed line
and the lower continuous line, i.e. ρ1 < ρc 6 ρHybc . No-
tice that ρHybc > ρ2 when the gluon condensate is in the
range 0.006 GeV4 < G2 6 0.0077 GeV4. For these G2
values all hybrid stars with a central density in the range
ρ2 < ρc 6 ρHybc possess a pure quark matter core. Fi-
nally the horizontal dashed line represents the value of
the central baryon number density ρHSc of the maximum
mass pure nucleonic star.
In Fig. 7 we draw the maximum mass Mmax for hy-
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ρ
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FIG. 5: Stellar gravitational mass M versus central baryon
number density ρc (left panel) and versus stellar radius
R (right panel) for hybrid stars for several values of the
gluon condensate G2 (reported in GeV
4 units) and for V1 =
0.01 GeV. The continuous line in both panels refers to the
pure hadronic stars (i.e. compact stars with no quark matter
content). For the EOS of hadronic phase only nucleons (N)
are included.
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FIG. 6: Quark-hadron phase transition boundaries in β-stable
matter as a function of the gluon condensate G2 and for
V1 = 0.01 GeV. The onset of quark-hadron mixed phase oc-
curs at the baryon number density ρ1, and the pure quark
phase begins at ρ2. Also shown is the central baryon number
density ρHybc of the maximum mass hybrid star. The hori-
zontal dashed line represents the value of the central baryon
number density ρHSc of the maximum mass pure hadronic star.
For the EOS of hadronic phase only nucleons (N) are included.
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FIG. 7: Gravitational maximum mass for hybrid stars (con-
tinuous line) and gravitational mass M1 (dashed line) of the
star with central baryon number density ρ1 corresponding to
the onset of mixed quark-hadron phase as a function of the
gluon condensate G2 and for V1 = 0.01 GeV. For the EOS of
hadronic phase only nucleons (N) are included.
brid stars (continuous line) and the mass M1 = M(ρ1)
(dashed line) of the star with central baryon number den-
sity ρ1 corresponding to the onset of the mixed phase.
These two quantities are plotted as a function of the
gluon condensate G2 for the case in which the hadronic
phase does not contain hyperons. Stable hybrid star con-
figurations correspond to the region of the M–G2 plane
between the continuous and the dashed line. Stellar con-
figurations in the region below the dashed line M1 do
not possess any deconfined quark matter in their center
(nucleonic stars).
To compare our results with measured neutron star
masses, we report in the same Fig. 7 the values of the
masses of the following pulsars: PSR B1913+16 with
M = 1.4398 ± 0.0002M [73], PSR J1903+0327 with
M = 1.667 ± 0.021M [74] and PSR J1614-2230 with
M = 1.97± 0.04M [75].
The mass of PSR J1614-2230 gives the strongest con-
straint on the possible value of the gluon conden-
sate. In fact, using the lower bound of the measured
mass of PSR J1614-2230, we get G2 & 0.0129 GeV4.
Thus for values of the gluon condensate in the range
0.0129 GeV4 . G2 6 G∗2 ' 0.018 GeV4, PSR J1614-
2230 is a hybrid star, whereas PSR B1913+16 and
PSR J1903+0327 are pure nucleonic stars. In the above
specified range, G∗2 is defined by the condition M1(G
∗
2) =
2.01 M, the upper bound of the measured mass of
PSR J1614-2230. Thus for G2 > G
∗
2 PSR J1614-2230
is a pure nucleonic star.
We now consider the case in which the hadronic phase
contains hyperons (NY matter), and we show the results
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FIG. 8: Stellar gravitational mass M versus central number
density ρc (left panel) and versus stellar radius R (right panel)
for hybrid stars for several values of the gluon condensate
G2 (reported in GeV
4 units) and for V1 = 0.01 GeV. The
continuous line in both panels refers to the pure hadronic star
sequence. The hadronic phase consists of hyperonic matter
(NY) and is described by the GM1 model with xσ = 0.8.
0 0.5 1 1.5 2
ρ
c
 [fm-3]
0
0.5
1
1.5
2
M
/ M
Hadronic stars (x
σ
 = 0.6)
G2 = 0.006
G2 = 0.011
G2 = 0.012
8 9 10 11 12 13 14 15
R [km]
0
0.5
1
1.5
2
FIG. 9: Same as Fig. 8 but with xσ = 0.6.
of calculations for two different sets of the hyperon cou-
plings: one corresponding to xσ = 0.8 and the other to
xσ = 0.6.
In Fig. 8 we plot for the case xσ = 0.8 the stellar
gravitational mass M versus the central baryon number
density ρc (left panel) and versus the stellar radius R
(right panel), in the case of hyperonic stars (continuous
line) and of hybrid stars for different G2 values. The
same quantities are depicted in Fig. 9 for the case xσ =
8xσ G2 Mmax ρ
Hyb
c R M
HS
max ρ
HS
c R
HS
0.006 1.44 1.55 9.54
N 0.012 1.89 0.77 12.55 2.33 0.87 11.70
0.016 2.05 0.75 12.66
0.006 1.44 1.56 9.52
0.8 0.012 1.89 0.77 12.53 2.15 0.94 11.50
0.016 2.04 0.81 12.40
0.006 1.43 1.56 9.51
0.6 0.010 1.73 0.89 12.00 1.80 1.00 11.49
0.013 1.80 1.00 11.49
TABLE I: Properties of the maximum mass configuration for
hybrid stars for different values of the gluon condensate G2 in
GeV4 (second column) and for V1 = 0.01 GeV. The parameter
xσ (first column) fixes the hyperons coupling constants as
described in Sec. III. The entry N in the first column refers
to the case of pure nucleonic matter for the hadronic phase.
For the case xσ = 0.6, hybrid stars are possible only for G2 .
0.013 GeV4 (see Fig. 11). The mass Mmax, the central baryon
number density ρHybc and the radius R of the maximum mass
configuration are reported respectively in the third, fourth
and fifth columns. The quantities with the label HS refer to
the case of purely hadronic stars. Stellar masses are reported
in units of the solar mass M = 1.99×1033g, central densities
are given in fm−3, and stellar radii in km.
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FIG. 10: Quark-hadron phase transition boundaries in β-
stable matter as a function of the gluon condensate G2 and
for V1 = 0.01 GeV. The onset of quark-hadron mixed phase
occurs at the density ρ1, and the pure quark phase begins
at ρ2. Also shown is the central number density ρ
Hyb
c of the
maximum mass hybrid star. The horizontal dashed line rep-
resents the value of the central density ρHSc of the maximum
mass pure hadronic star. For the EOS of hadronic phase only
nucleons and hyperons (NY) are included with xσ = 0.8.
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FIG. 11: Same as Fig. 10 but with xσ = 0.6.
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FIG. 12: Gravitational maximum mass for hybrid stars (con-
tinuous line) and gravitational mass M1 (dashed line) of the
star with central density ρ1 corresponding to the onset of
mixed quark-hadron phase as a function of the gluon conden-
sate G2 and for V1 = 0.01 GeV. The hadronic phase consists
of hyperonic matter (NY) and is described by the GM1 model
with xσ = 0.8.
0.6. As it is well known [76], the presence of hyperons
reduces the value of the maximum mass of pure hadronic
star (i.e. compact stars with no quark matter content)
from Mmax = 2.33M in the case of pure nucleonic stars
(continuous line in Fig. 5) to Mmax = 1.80M in the
case of hyperonic stars with xσ = 0.6 (continuous line
in Fig. 9). More interesting is to evaluate the effect of
hyperons on the hybrid star sequence as a function of the
gluon condensate. As we can see, comparing the results
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FIG. 13: Same as Fig. 12 but with xσ = 0.6.
in Figs. 8 and 9 with those in Fig. 5, for “low” values of
the gluon condensate (i.e. G2 . 0.008 GeV4), the hybrid
star sequence is unaffected by the presence of hyperons.
In fact, for these low values of G2 the threshold density
for hyperons is larger than the density ρ1 for the onset
of the quark-hadron mixed phase (see Fig. 1).
As in the case of pure nucleonic matter, we obtain stable
hybrid star configurations for all the considered values of
the gluon condensate and for the two considered sets of
hyperon coupling constants. Notice that the hybrid star
branch shrinks as G2 is increased. Additionally, in the
case xσ = 0.6, hybrid stars are possible only for G2 .
0.013 GeV4. In fact, for G2 & 0.013 GeV4 the baryon
number density ρ1 for the onset of the mixed phase is
larger than the central baryon number density ρHSc of the
maximum mass pure hadronic star (see also Fig. 11).
The properties of the maximum mass configuration for
hybrid star sequences varying G2 and the hyperon cou-
pling constants are summarized in Table I together with
those for pure nucleonic and hyperonic star sequences.
We next plot in Fig. 10 (case with xσ = 0.8) and in
Fig. 11 (case with xσ = 0.6) the quark-hadron phase
transition boundaries in β-stable matter as a function
of G2. As before (Fig. 6) we denote with ρ1 (ρ2) the
density for the onset of the quark-hadron mixed phase
(pure quark phase). The curve labeled ρHybc represents
the central density of the maximum mass hybrid star.
The horizontal dashed line represents the value of the
central density ρHSc of the maximum mass pure hadronic
star (i.e. hyperonic star).
As one can see, comparing the results in Figs. 10 and
11 with those reported in Fig. 6, for ”low” values of the
gluon condensate (i.e. G2 . 0.008 GeV4), the densities
ρ1 and ρ2 are unaffected by the presence of hyperons.
When G2 & 0.008 GeV4 the inclusion of hyperons pro-
duces a sizeable increase of the density ρ1 and reduces
the extension of the range ρ2 – ρ1 of the mixed phase. In
particular, in the case xσ = 0.6 (Fig. 11), as we have
already pointed out, ρ1 > ρ
HS
c when G2 & 0.013 GeV4,
thus no deconfinement phase transition occurs in pure
hyperonic stars.
The hybrid star maximum mass Mmax (continuous
line) and the mass M1 = M(ρ1) (dashed line) as a func-
tion of G2 are plotted in Fig. 12 (case with xσ = 0.8) and
in Fig. 13 (case with xσ = 0.6). From the lower bound of
the measured mass of PSR J1614-2230, in the case with
xσ = 0.8, we obtain G2 & 0.0127 GeV4. Notice that in
the case with xσ = 0.6, hybrid stars (G2 . 0.013 GeV4)
or pure hyperonic stars (G2 & 0.013 GeV4) are not
compatible the lower bound of the measured mass of
PSR J1614-2230.
To explore the influence of the large-distance static
QQ¯ potential V1 on the stellar properties, we report
in Fig. 14 the stellar mass M versus ρc (left panel)
and M versus R (right panel) in the case of pure
nucleonic stars (continuous line) and of hybrid stars
for different G2 values and V1 = 0.10 GeV. Once again
we get stable hybrid star configurations for all the
considered values G2, with maximum masses ranging
from Mmax = 2.00M (case with G2 = 0.006 GeV4) to
Mmax = 2.25M (G2 = 0.0016 GeV4). Comparing the
results in Fig. 14 with those reported in Fig. 5 (case
with V1 = 0.01 GeV), we clearly see that a larger value of
V1 reduces the extent the hybrid star branch, shifts it to
larger densities (see also results in Fig. 2) and produces
hybrid stars with a larger maximum mass. Notice that,
in this case the calculated Mmax is compatible with the
lower bound of the measured mass of PSR J1614-2230
for all the considered values of the gluon condensate (i.e.
G2 & 0.006 GeV4).
We also considered stellar models with V1 = 0.50 GeV
and V1 = 0.85 GeV. For these values of V1 no phase
transition occurs in neutron stars (i.e. ρ1 > ρ
HS
c ), thus
in this case PSR J1614-2230 would be a pure nucleonic
star.
Finally to explore the role of the phase transition treat-
ment, we plot in Fig. 15, making use of the Maxwell
construction, the stellar gravitational mass M versus ρc
(left panel) and the mass versus radius R (right panel)
in the case of pure nucleonic stars (continuous line) and
of hybrid stars for V1 = 0.01 GeV and for three dif-
ferent G2 values. Stable hybrid stars exist in the case
of G2 = 0.006 GeV
4 having a maximum mass configu-
ration with Mmax = 1.41M, ρHybc = 1.66 fm
−3, and
R = 9.35 km. For the other two considered values of the
gluon condensate (G2 = 0.012 GeV
4 and 0.016 GeV4) no
stable hybrid star can be formed. In fact, an instability
develops as soon as the stellar central density equals the
critical density for the quark deconfinement transition.
These unstable hybrid stars are those represented in Fig.
15 by the decreasing branch of the M(ρc) curve and by
the configurations on the left of the cusp in the mass-
radius curve. The results in Fig. 15 are in agreement
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FIG. 14: Same as Fig. 5 but with V1 = 0.10 GeV.
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FIG. 15: Same as Fig. 5 but using the Maxwell construction
to model the hadron-quark phase transition.
with those reported in Ref. [51] where, making use of the
Maxwell construction, stable hybrid star configurations
were found only for 0.006 GeV4 < G2 < 0.007 GeV
4.
Thus comparing the results in Fig. 15 with the analogous
results in Fig. 5, but obtained using the Gibbs construc-
tion, we deduce that the stability of hybrid star equlilib-
rium configurations within the field correlator method is
related to the modeling of the deconfinement phase tran-
sition rather than to the confining features of the quark
matter model [51]. We have verified that this conclu-
sion is valid also in the case the hadronic phase contains
hyperons (NY matter with xσ = 0.6 and 0.8).
VI. LATTICE QCD CALCULATIONS AND
MEASURED NEUTRON STAR MASSES
Within the FCM the deconfinement transition temper-
ature Tc at µb = 0 reads [43]
Tc =
a0
2
G
1/4
2
(
1 +
√
1 +
V1(Tc)
2a0G
1/4
2
)
, (32)
with a0 = (3pi
2/768)1/4 in the case of three flavors.
In their analysis the authors of Ref. [43] assume V1(Tc) =
0.5 GeV, thus Tc in Eq. (32) is a simple function of
G2 and is represented in Fig. 16 by the curve labeled
V1(Tc) = 0.5 GeV. This result can hence be compared
with lattice QCD calculations of Tc giving the possibil-
ity to extract the range of values for the gluon conden-
sate compatible with lattice results. This comparison has
been done by the authors of Ref. [43], and it is done in
the present work in Fig. 16, where we consider the recent
lattice QCD calculations carried out by the HotQCD Col-
laboration [48] giving Tc = (154 ± 9) MeV (red continu-
ous lines) and by the Wuppertal-Budapest Collaboration
[47] giving Tc = (147± 5) MeV (blue short-dashed lines).
As one can see, the comparison with lattice QCD calcu-
lations of Tc restricts the gluon condensate in a rather
narrow range G2 = 0.0025–0.0050 GeV
4.
Next to verify if these values of G2 are compatible with
those extracted in Sec. V from hybrid star calculations
and measured neutron star masses, we need to relate the
parameter V1 ≡ V1(0) entering in the zero temperature
EOS of the quark phase with V1(Tc) in Eq.(32). To this
end, one can integrate Eq.(4) using the nonperturbative
contribution (5) to the color electric correlator DE1 (x)
and assuming that the normalization factor DE1 (0) does
not depend on temperature. The latter assumption is
supported, up to temperatures very near to Tc, by lattice
calculations [56–58]. Therefore one gets
V1(T ) = V1(0)
{
1− 3
2
λT
~c
+
1
2
(
1 + 3
λT
~c
)
e−
~c
λT
}
. (33)
Thus V1(Tc) = 0.5 GeV corresponds to V1(0) = 0.85 GeV
to be used in the T = 0 EOS of the quark phase. In this
case, as we found in Sec. V, no phase transition occurs
in neutron stars (i.e ρ1 > ρ
NS
c ) for all the considered val-
ues of G2. Thus for these values of the EOS parameters
PSR J1614-2230 would be a pure nucleonic star.
We can also evaluate the FCM transition temperature
at µb = 0 corresponding to the case V1(0) = 0.01 GeV
used in Sec. V for hybrid star calculations with the
T = 0 FCM equation of state. To this purpose we
solve numerically Eqs. (32) and (33) and we obtain
the results represented in Fig. 16 by the curve labeled
V1 = 0.01 GeV. The comparison of these results with
lattice QCD calculations [47, 48] of Tc restricts the gluon
condensate in the range G2 = 0.0103–0.0180 GeV
4.
Coming now to the astrophysical constraints on the
gluon condensate, the vertical green line in Fig. 16
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FIG. 16: (color online) Deconfinement transition tempera-
ture Tc at µb = 0. The curve labeled with V1(Tc) = 0.5 GeV
reproduces the FCM results of Ref. [43] for a fixed value
V1(Tc) = 0.5 GeV of the large-distance static QQ¯ potential.
The curve labeled with V1 = 0.01 GeV (V1 = 0.10 GeV)
corresponds to the transition temperature at µb = 0 ob-
tained solving numerically Eqs. (32) and (33) for the case
V1(0) = 0.01 GeV [V1(0) = 0.10 GeV]. The horizontal heavy
and thin lines represent respectively the central value and
the error estimate of lattice QCD calculations. In particular,
the (red) continuous lines refer to the calculations [48] of the
HotQCD Collaboration Tc = (154±9) MeV; the (blue) short-
dashed lines refer to the calculations [47] of the Wuppertal-
Budapest Collaboration Tc = (147 ± 5) MeV. Finally, the
vertical green line represents the lower limit for G2 which is
compatible with the lower bound of the measured mass of
PSR J1614-2230 for the case V1(0) = 0.01 GeV.
represents the lower limit for G2 which is compatible, in
the case V1(0) = 0.01 GeV, with the lower bound of the
measured mass of PSR J1614-2230 (see Sec. V).
A similar analysis can be done for the case
V1(0) = 0.10 GeV. Now the comparison between
the FCM transition temperature at µb = 0 (curve
labeled V1 = 0.10 GeV in Fig. 16) and lattice QCD
calculations of the same quantity gives G2 = 0.0085–
0.0153 GeV4, whereas one gets G2 ≥ 0.006 GeV4 from
the lower bound of the measured mass of PSR J1614-
2230.
We thus find that the values of the gluon condensate
extracted within the FCM from lattice QCD calcula-
tions of the deconfinement transition temperature at zero
baryon chemical potential are compatible with the value
of the same quantity extracted from measured neutron
star masses.
VII. SUMMARY AND CONCLUSIONS
In this article we have studied the hadron-quark de-
confinement phase transition in β-stable matter and the
structural properties of hybrid stars using an EOS for
the quark phase derived from the field correlator method
extended to finite baryon chemical potential. This EOS
model was parametrized in terms of the gluon conden-
sate G2 and of the large-distance static QQ¯ potential
V1 at zero temperature. For the hadronic phase we uti-
lized the GM1 parametrization of the nonlinear relativis-
tic mean field model, and we have considered pure nu-
cleonic matter as well as hyperonic matter with a large
hyperon fraction (xσ=0.6), and a small hyperon fraction
(xσ = 0.8).
We found that increasing the value of the gluon con-
densate G2 caused a shift of the phase transition to larger
baryon densities. Moreover, for the case V1 = 0.01 GeV,
when G2 & 0.008 GeV4 the inclusion of hyperons pro-
duced a considerable increase of the mixed phase onset
density ρ1 and reduced the extension of the range ρ2 – ρ1
of the mixed phase. In particular, in the case xσ = 0.6,
when G2 & 0.013 GeV4 no deconfinement phase transi-
tion occurred in pure hyperonic stars.
Applying the Gibbs construction to model the phase
transition, we obtained stable hybrid star configurations
for all the values of the gluon condensate fulfilling the
condition ρ1(G2) < ρ
HS
c (G2) (i.e. the deconfinement
transition can occur in pure hadronic stars). We found
that the hybrid star branch shrank as G2 was increased.
We have established that the values of the gluon con-
densate extracted within the FCM from lattice QCD cal-
culations of the deconfinement transition temperature at
µb = 0 were consistent with the value of the same quan-
tity derived by the mass measurement of PSR J1614-
2230. The FCM thus provides a powerful tool to link
numerical calculations of QCD on a space-time lattice
with neutron stars physics.
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